[1] A systematic approach for deconvolving remotely sensed lunar olivine-rich visible to near-infrared (VNIR) reflectance spectra with the Modified Gaussian Model (MGM) is evaluated with Chandrayaan-1 Moon Mineralogy Mapper (M 3 ) spectra. Whereas earlier studies of laboratory reflectance spectra focused only on complications due to chromite inclusions in lunar olivines, we develop a systematic approach for addressing (through continuum removal) the prominent continuum slopes common to remotely sensed reflectance spectra of planetary surfaces. We have validated our continuum removal on a suite of laboratory reflectance spectra. Suites of olivine-dominated reflectance spectra from a small crater near Mare Moscoviense, the Copernicus central peak, Aristarchus, and the crater Marius in the Marius Hills were analyzed. Spectral diversity was detected in visual evaluation of the spectra and was quantified using the MGM. The MGM-derived band positions are used to estimate the olivine's composition in a relative sense. Spectra of olivines from Moscoviense exhibit diversity in their absorption features, and this diversity suggests some variation in olivine Fe/Mg content. Olivines from Copernicus are observed to be spectrally homogeneous and thus are predicted to be more compositionally homogeneous than those at Moscoviense but are of broadly similar composition to the Moscoviense olivines. Olivines from Aristarchus and Marius exhibit clear spectral differences from those at Moscoviense and Copernicus but also exhibit features that suggest contributions from other phases. If the various precautions discussed here are weighed carefully, the methods presented here can be used to make general predictions of absolute olivine composition (Fe/Mg content). 
Introduction
[2] The mineralogy and mineral composition of planetary samples contain a rich record of the thermal and chemical evolution of the planetary body. The processes responsible for the cooling of planetary bodies include magma ocean formation and solidification, differentiation (density stratification) and overturn, large-scale convection, and volcanic activity. These processes all produce distinct signatures in the mineral assemblages and compositions produced across a range of depths and across the body's surface. While the record can be complex, the composition and mineralogy of planetary samples represent one of the most powerful tools available for unraveling the geologic history of a planetary body. While returned samples are the most powerful tool for evaluating planetary composition and mineralogy, remote sensing, such as with orbital visible to near-infrared (VNIR) reflectance spectroscopy, offers a number of advantages. These advantages include global coverage (if conducted from orbit) and the ability to analyze composition without returned samples, although such remote measurements are greatly strengthened by the context and ground truth provided by returned samples [e.g., Pieters, 1999; Taylor et al., 2001 Taylor et al., , 2010 .
[3] Olivine in particular is a useful mineral with which to evaluate the geologic evolution of igneous planetary bodies such as the Moon. Olivine is typically one of the first minerals to crystallize from a mafic magma, and its composition is indicative of the composition and degree of evolution of the source region in the case of a primary magma [Basaltic Volcanism Study Project (BVSP), 1981] . Recent results suggest that olivine is exposed largely in and around the rims of large lunar impact basins [Yamamoto et al., 2010] . Such regions should represent some of the deepest materials excavated by the basin-forming impact. Yamamoto et al. [2010] argued that these olivine detections may represent exposures of the lunar mantle, but could also represent differentiated plutons resulting from secondary magmatic intrusions into the lunar crust. Yamamoto et al. [2010] favor the mantle source model as the more probable interpretation, based primarily on an apparent lack of plagioclase association with the olivine exposures. However, many of the detections are associated with exposures of "pure anorthosite" reported by Ohtake et al. [2009] , and plagioclase is difficult to detect in the near-infrared when mixed with absorbing mafic minerals like pyroxene and olivine. While the detection of the olivine signature is critical, the composition of those olivines is an important additional clue to the olivine's source and history, as mantle olivines would be expected to be quite Mg-rich.
[4] Generally, for primary magmas, forsteritic (high Mg # (molar Mg/Mg+Fe)) olivine is indicative of a primitive source, and more fayalitic (low Mg #) olivine is indicative of a more evolved source [BVSP, 1981] . Lunar samples contain olivine of diverse compositions, from very Mg-rich (∼Fo 90 ) in Mg suite rocks to more Fe-rich in basalts; olivines in basalts that are sufficiently abundant (>1-2 modal %) to be detectable through remote VNIR reflectance spectroscopy generally range from <Fo 80 to ∼Fo 50 [e.g., Papike et al., 1998 ]. Additionally, olivine has a distinctive signature in VNIR reflectance spectra, and this signature is compositionally dependent, meaning that remotely sensed VNIR reflectance spectra are sensitive to both the presence and composition of olivine on planetary surfaces [Burns, 1970; King and Ridley, 1987; Sunshine and Pieters, 1998; Dyar et al., 2009] . Typical olivine spectra have a broad, composite absorption feature centered near 1050 nm. These absorptions are caused by electronic transitions in Fe 2+ ions located in distorted octahedral crystallographic sites. The central absorption is caused by Fe 2+ in the M2 site, while the two exterior absorptions are caused by Fe 2+ in the M1 site [Burns, 1970; Burns et al., 1972; Burns, 1974 Burns, , 1993 ]. An example olivine spectrum is plotted in Figure 1 , which shows the spectrum of San Carlos olivine (∼Fo 90 ), a common laboratory standard due to its composition and relative purity. The three component absorptions that produce the composite absorption feature are labeled with the Fe 2+ -bearing crystallographic site responsible for the component absorption.
[5] The properties of the three component absorptions are a function of the olivine's Mg #, and shift in regular, wellcharacterized ways with changing Mg # [Sunshine and Pieters, 1998 ]. When olivine spectra are deconvolved with quantitative techniques such as the Modified Gaussian Model (MGM), the MGM-derived band parameters of the individual component absorptions can be used to estimate the olivine's composition [Sunshine et al., 1990; Sunshine and Pieters, 1998 ]. As demonstrated by previous work, these MGM-derived parameters can be applied to solve for olivine composition as a function of band position [Sunshine and Pieters, 1998; Isaacson and Pieters, 2010] . The relative strengths, and to a lesser extent, widths of the three component absorptions also shift with changing olivine Mg #, although this trend is less useful for compositional analysis.
[6] Compositional analysis of lunar olivines with VNIR reflectance spectroscopy is complicated by the presence of inclusions of Cr-spinel (largely chromite), which causes absorptions beyond ∼1600 nm [Cloutis et al., 2004; Isaacson and Pieters, 2010] . Inclusion-free olivine spectra are bright and featureless across this wavelength region, a property which was used to define a standard approach to deconvolutions of olivine spectra [Sunshine and Pieters, 1998 ]. The absorptions due to Cr-spinel inclusions, common in lunar olivines, cause the results of MGM deconvolutions of lunar olivine spectra to be inconsistent with deconvolutions of terrestrial olivine spectra of similar composition [Papike et al., 1998; Isaacson and Pieters, 2010] . Because the terrestrial olivine spectra deconvolutions are the basis of the trends used for compositional predictions, Chromite-bearing lunar olivines require a modified approach to MGM deconvolutions. Such a modified approach has been developed by Isaacson and Pieters [2010] , and involves truncating the olivine spectra to focus only on the 1000 nm region, as well as enforcing a flat (slope value of 0) continuum slope. This approach was able to reproduce the trends determined through analysis of terrestrial spectra lacking Cr-spinel absorptions [Sunshine and Pieters, 1998 ] to within ∼5-10% accuracy. In addition to the Cr-spinel inclusions, lunar olivines studied with remote sensing may be affected by mixing with pyroxene. Pyroxene will introduce additional absorptions that complicate substantially deconvolutions of the composite olivine 1000 nm feature. Pyroxene and mixtures are discussed more thoroughly in section 5.2.3.
[7] The study by Isaacson and Pieters [2010] identified two major complications in compositional analyses of lunar -bearing site responsible for the component absorption. Note the bright, featureless nature of the spectrum beyond ∼1500 nm.
olivines with remotely sensed VNIR reflectance spectra: the long-wavelength absorptions caused by chromite inclusions and the effect of continuum slopes common to remotely sensed spectra of planetary surfaces. Isaacson and Pieters [2010] addressed the former complication but explicitly did not address the latter, limiting their analyses to laboratory reflectance spectra in which flat continuum slopes are appropriate. In this study, we extend the Isaacson and Pieters [2010] approach to address the effect of continuum slopes. We propose a method for standardizing the continuum slope used to deconvolve remotely sensed olivine spectra, and evaluate the effect of this method on the established trends in MGM-derived band position found in both terrestrial olivine and chromite-bearing lunar olivine spectra. We apply this approach to predict olivine compositions from several locations on the lunar surface using VNIR reflectance spectra collected by the Moon Mineralogy Mapper (M 3 ) on Chandrayaan-1 from several locations on the lunar surface.
Background: The Moon Mineralogy Mapper
[8] The Moon Mineralogy Mapper is an imaging spectrometer covering visible to near-infrared wavelengths. It was a guest instrument on the Indian Space Research Organisation (ISRO) Chandrayaan-1 mission. M 3 collected global data in 85 spectral channels from 400-3000 nm at a spatial resolution of 140 m/pixel from a 100 km orbit. More complete descriptions of the M 3 instrument are provided by Pieters et al. [2009 Pieters et al. [ , 2011 3. Methods
Variable Continuum Slopes: Continuum Removal
[9] Continuum slopes in remotely sensed spectra are highly variable, as they can be influenced by a number of parameters, including surface texture, grain size, viewing geometry, and alteration such as through the process of space weathering. On the Moon, continuum slopes are predominantly affected by the presence of vapor-deposited nanophase iron-bearing rims on grains of lunar soil [e.g., Pieters et al., 2000; Hapke, 2001; Taylor et al., 2001; Noble et al., 2005 Noble et al., , 2007 Taylor et al., 2010] . The optical effects of this nanophase iron are complex, but one of the major effects is an increase in the slope of the continuum (i.e., "red" continuum slopes). This effect becomes more pronounced with increasing degree of weathering [e.g., Pieters et al., 2000; Noble et al., 2001] . Even relatively immature materials on the Moon exhibit moderately "red" continuum slopes. Prominent continuum slopes cause shifts in apparent band center [e.g., Clark and Roush, 1984; Clark, 1999] . Thus, flat continuum slopes such as those used in previous systematic treatments of olivine reflectance spectra will not be practical for the majority of remotely sensed spectra collected of the lunar surface.
[10] The ubiquitous but variable nature of continuum slopes in remotely sensed VNIR reflectance spectra of planetary surfaces is a major complication in quantitative analysis of diagnostic absorption features present in those spectra. To treat these variable continuum slopes fully with an MGM-based approach, the continuum for each individual spectrum analyzed must be modeled individually for each fit [e.g., Sunshine and Pieters, 1998; Sunshine et al., 2007] . While this is the most rigorous method to treat continuum slopes, the drawback of this approach is the additional complexity of the models and the potential variable methods applied to individual spectra. This variability can introduce more sources of error into comparisons between model results. To avoid these complexities and sources of error, we chose to use a systematic approach that will enable comparisons between model results more readily. We employ the approach developed by Isaacson and Pieters [2010] (truncating spectra and enforcing flat continuum slopes), but we include additional steps to address, in a systematic way, spectra for which flat continuum slopes are not practical.
[11] Our approach to dealing with continuum slopes is to remove the continuum slope prior to conducting MGM fits. This differs from the traditional MGM approach in which the continuum is modeled concurrently with the absorptions. Because the continuum is removed prior to performing deconvolutions, the slope (first-order polynomial term in the expression of the continuum slope) is fixed at zero for the deconvolutions, with only the offset (zero-order term) allowed to vary. We make a simplifying assumption that the relative trends in band position with olivine composition established from terrestrial olivines [Sunshine and Pieters, 1998 ] remain valid after continuum removal. However, it is beyond the scope of this project to verify that the effect of the continuum slope on band position is constant across all olivine compositions. Our goal in simplifying the modeling of the continuum slope is to ensure that we can apply our methods in a consistent manner regardless of the nature and magnitude of the continuum slope in any given spectrum. It is possible that our simplifications may introduce new biases, particularly if the effect of continuum removal is composition dependent. The advantage of this approach is that our methods can be replicated easily and consistently. However, a disadvantage of this approach is the inability to compare the resulting deconvolutions to existing deconvolutions of laboratory lunar olivine spectra performed without continuum removal. Thus, although the trends in band position with olivine composition are assumed to be valid in a relative sense, we cannot use our deconvolutions to assign absolute olivine compositions. A direct comparison to laboratory spectra would require substantial new laboratory work, including a reanalysis of the full suite of terrestrial laboratory olivine reflectance spectra with this new approach to modeling the continuum.
[12] The continuum slope to be removed is determined by fitting a local continuum over the principle olivine absorption feature. This local continuum slope is determined by tangent points on the short-and long-wavelength side of the absorption. Our method is to pick the "high reflectance" points on either side of the absorption as the tangent points. In our experience, the long-wavelength inflection point typically falls near ∼1700 nm, while the short-wavelength inflection point is more variable. We evaluated continuum slope tangent points optimized for each spectrum as well as fixed tangent points for all spectra. We also evaluated various combinations of fixed and optimized tangent points (e.g., optimized short-wavelength point, fixed longwavelength point for all spectra). While the differences are generally slight, we found that the results most consistent with established parameter ranges for olivine were obtained with short-wavelength tangent points optimized for each spectrum (though typically ∼730-770 nm) and fixed long-wavelength tangent points at 1700 nm. Once obtained, the local continuum slope is "removed" by dividing the original spectrum by the local continuum. After performing the continuum removal based on these local continuum slopes, MGM fits are conducted as described by Isaacson and Pieters [2010] . As in the Isaacson and Pieters [2010] approach, in fitting a particular spectrum, multiple starting points are used to ensure that a "global" optimum fit is achieved. We employ the standard starting points presented by Isaacson and Pieters [2010] , varying only the offset of the continuum slope in the starting models to a more reasonable value for continuum-removed spectra, which intersect zero in log reflectance space.
Effect of Continuum Removal: Laboratory Spectra
[13] We evaluate the robustness of the continuum removal process by analyzing its effect on deconvolutions of laboratory olivine reflectance spectra. The spectra used for these continuum removal analyses are a series of San Carlos olivine subsamples subjected to pulsed laser irradiation of varying intensity in an attempt to simulate the space weathering process [Yamada et al., 1999; Sasaki et al., 2002 Sasaki et al., , 2003 ]. All of these subsamples have identical chemical compositions, and they vary only in the magnitude of laser irradiation to which they were exposed. This suite of laboratory spectra will be referred to as the "evaluation suite." This suite of spectra is plotted in Figure 2 . The irradiated San Carlos (ISC) spectra are particularly useful for this evaluation because they exhibit a range of continuum slopes in spectra of an olivine of constant composition, and analysis by Hiroi and Sasaki [2001] using continuum slopes optimized for each individual spectrum suggests that the absorption bands do not move with increased irradiation (and increased continuum slope). Thus, these spectra allow us to evaluate the efficacy of our continuum removal approach, as any apparent band shift must be caused by the variable continuum slope, and our continuum removal approach must be able to correct for these apparent band shifts. Our procedure for evaluating the continuum removal process is to perform continuum removal on the evaluation suite using the method described above. An example of the continuum removal process is shown in Figure 3 for the spectrum of San Carlos olivine shown in Figure 1 . A series of standard fits (based on the starting fits described by Isaacson and Pieters [2010] , as discussed above) were then performed on the continuum-removed spectra as well as the original spectra, varying only the initial continuum offset to be appropriate for each case, as discussed above. As described above, the tangent points for definition of the local continuum slope were optimized individually for the short-wavelength point and fixed at 1700 nm for the longwavelength point.
[14] After performing the described series of fits, the MGM-derived band centers of the continuum-removed and original spectra (from the same fits) were then compared, and were used to calculate a predicted composition (Fo #) using the approach of Isaacson and Pieters [2010] . This comparison is performed to gauge the effectiveness of our continuum removal procedure at "standardizing" the continuum slope modeling, and to evaluate the compositional modeling in the context of the standard trends presented previously [Sunshine and Pieters, 1998; Isaacson and Pieters, 2010] . The absolute calibration of this procedure will not "match" that of the standard terrestrial analyses [Sunshine and Pieters, 1998 ] due to the different continuum approach used. However, the relative trends in band position with composition are still valid (the absorptions move absolutely as a function of the olivine chemistry, and the linear continuum slope removal should only produce an apparent offset in band positions). This means that our approach cannot be used to evaluate absolute olivine composition based on previous laboratory analyses [Sunshine and Pieters, 1998; Isaacson and Pieters, 2010] but can be used to make relative compositional predictions (Mg-rich versus Fe-rich relative to other spectra analyzed in the same manner).
Application to M 3 Spectra
[15] These procedures (continuum removal, MGM fits, relative compositional prediction) were applied to a suite of olivine-dominated reflectance spectra collected by the M 3 in its low-resolution mode of 140 m/pixel spatial resolution and 20-40 nm spectral resolution. Here, we focus on a suite of olivine-dominated spectra collected from select regions on the lunar surface. These regions include a small crater northwest of the rim of the Moscoviense basin, the Copernicus central peak, Aristarchus, and Marius crater in the eastern Marius Hills. Previous studies have identified the presence of olivine at Copernicus [Pieters, 1982; Pieters and Wilhelms, 1985; Lucey et al., 1991; Le Mouélic, 2001; Yamamoto et al., 2010] and Aristarchus [Le Mouélic et al., 1999a; Chevrel et al., 2009; Yamamoto et al., 2010] . The Moscoviense olivines occur close to exposures of unusual mafic lithologies and may be associated with the processes responsible for the production of those lithologies, although our analyses cannot confirm a genetic relationship. Olivine-rich areas were highlighted by using a ratio of the integrated band strengths at 1000 and 2000 nm. In our formulation (1000 nm/2000 nm), spectra with strong 1000 nm features and weak 2000 nm features, such as those dominated by olivine, will have high values in this parameter. This approach is highlighted in Figure 4 , which shows this parameter mapped in color overlaid on a M 3 albedo band for context. Two regions are displayed in Figure 4 , the small crater in the Moscoviense region and Copernicus. Areas showing up in yellow-orange-red colors in this scheme will tend to be olivine-rich. The olivine spectra from Aristarchus are discussed by Mustard et al. [2011] , and those from Marius are discussed by Besse et al. [2011] . The Aristarchus olivines are located in the southwest rim and ejecta of Aristarchus, and the Marius olivines are located in the floor of the crater Marius, which is located on the eastern boundary of the Marius Hills complex. A number of spectra were extracted, although only the "best" (most pure olivine signature) were selected for MGM fitting. Unless otherwise noted, spectra were extracted as averages of 3 × 3 spatial pixels. Fits were performed on continuum-removed spectra. While most analyses presented here used continuum tangent points of ∼730 nm and ∼1700 nm, these should not be used universally for remotely sensed olivine spectra; we have observed numerous spectra for which these tangent points Figure 3 . Demonstration of the continuum removal process using a local continuum slope tangent on either side of the principal absorption feature, with the long-wavelength point fixed at 1700 nm and the short-wavelength point variable depending on the spectrum. The short-wavelength tangent point for this spectrum is at 665 nm. The thin line is the original spectrum, the dashed line is the local continuum slope, and the heavy line is the continuum-removed spectrum. The long-wavelength slope in the continuum-removed spectrum is negative because the continuum slope is steeper than the original spectrum in this wavelength region. In order to show only the strongest detections, areas falling below a threshold value were not colored. These maps were used as a guide to select some of the olivine-dominated reflectance spectra analyzed in this study. The base image is a single M 3 band near 3000 nm that is sensitive to morphology. The Moscoviense image (Figure 4 , top) is ∼40 km across, and the diameter of Copernicus is ∼93 km [Andersson and Whitaker, 1982] . would be inappropriate. As was done with the laboratory spectra, a range of starting points for the deconvolutions were employed, to test the sensitivity of the results to starting model conditions. In our evaluation of the results of fits to these spectra, we disregard effects of temperature, as the range in surface temperature for the observations is reasonably small (∼40 K). However, it is well documented, both from theory [e.g., Burns, 1970 Burns, , 1993 and observation [e.g., Aronson et al., 1970; Singer and Roush, 1985] , that increased temperatures can lead to broadened absorption features, particularly for the long-wavelength (M1-2) olivine absorption. Thus, potential temperature effects should be considered an additional, though comparatively minor, source of error.
Data Corrections
[16] Because noise in reflectance spectra can degrade the quality of MGM fits, we performed mild spectral corrections prior to MGM deconvolutions. These corrections are intended to suppress minor, residual band-to-band calibration artifacts in M 3 spectra. We chose to use a correction based on the assumption that lunar reflectance spectra should be smoothly varying band-to-band at the M 3 spectral sampling (i.e., that sharp, spike-like features are artifacts rather than real features, particularly in the 1000 nm region where the olivine absorptions are found). The correction factors are derived by evaluating a suite of "featureless" spectra that exhibit very weak absorption features (largely mature highland soils) and forcing them to be as smooth as possible at the M 3 spectral sampling. These correction factors were applied to all spectra evaluated in this study. To ensure that no bias was introduced by this correction, we performed identical fits on "original" and "corrected" M 3 spectra and evaluated the results. Two M 3 spectra from the suite evaluated in this study were selected for this analysis, and the relative predicted compositional variation compared between the "original" and "corrected" spectra. The relative predicted compositional variation between the spectra differed by less than one Fo # unit between the "original" and "corrected" spectra, indicating that relative compositional predictions are not affected by this correction step.
Error Analysis
[17] The approach used to evaluate olivine composition with M 3 spectra presents a number of sources of error. While we have already addressed the inability of our approach to predict compositions absolutely, there are additional sources of error in the shift between high-quality laboratory spectra and spectra acquired from lunar orbit. The M 3 spectra have a lower signal-to-noise ratio and spectral resolution than laboratory data. The MGM is also subject to errors resulting from variable model initial conditions. Isaacson and Pieters [2010] found that variable starting MGM conditions led to an error of ∼5 Fo # (Mg/(Mg+Fe)) units for laboratory olivine spectra. In their analyses of pyroxenes, Kanner et al. [2007] found that such uncertainties are substantially magnified in remotely sensed data relative to laboratory data. To evaluate the effect of these error sources, we performed a series of MGM fits to a single M 3 spectrum extracted from the Moscoviense area with a wide array of model initial conditions. Plots and more details are provided in section 4.2. We analyzed the results of each olivine absorption individually, taking the maximum and minimum band position and calculating a range in band position (this gives the "error" in the band center dimension). The maximum and minimum band center wavelengths were used to calculate a range in predicted Fo # using the trend line for the specific absorption, producing the error in the relative predicted Fo # dimension. The trends in band center wavelength versus composition are discussed by Sunshine and Pieters [1998] and Isaacson and Pieters [2010] . To calculate a composite error for the three bands treated together, the Fo # was calculated for all three bands simultaneously for all of the error analysis fits performed to the M 3 spectrum. The maximum and minimum predicted Fo # were used to estimate a range in predicted composition, producing the composite error in the Fo # dimension. There is no composite error in the band center dimension, as all three bands were evaluated simultaneously to evaluate the composite error in Fo #.
Results

Laboratory Spectra
[18] The selected tangent points and the parameters for the local continuum removed from the laboratory evaluation suite spectra are provided in Table 1 . The continuum removal process for these spectra is illustrated in Figure 5 . Example fits to the evaluation suite are illustrated in Figure 6 . Full results of the MGM analyses of the evaluation suite, both original and continuum removed based on the parameters in Table 1, are reported in Tables 2 (original) and 3 (continuum removed). The multiple entries for each spectrum refer to the various starting points for the MGM. High and low initial continuum offsets were evaluated to test the effect of diverse starting continuum offsets. As discussed above, a range of initial parameters were evaluated, although only those parameters that were the most logical and consistent with the evaluation suite spectra are reported here. Band centers for both sets are compared directly in Table 4 , with continuum removal parameters from Table 1 provided for reference.
[19] The MGM-derived band centers for fits to the ISC spectra, as illustrated by the examples in Figure 6 , are plotted against the relative composition as predicted from the methods of Isaacson and Pieters [2010] in Figure 7 . Fits to the original (not continuum removed) spectra span a range in band center wavelengths, with the more steeply sloped spectra (15 and 30 mJ) exhibiting band centers at shorter wavelengths. This is consistent with theory and previous results, as a red-sloped continuum (increasing reflectance with wavelength) causes bands to be apparently shifted to shorter wavelengths [e.g., Clark and Roush, 1984; Clark, 1999] . Fits to the continuum-removed spectra, however, exhibit band centers clustered at essentially the same wavelength. Recall that the composition of the olivine is identical (∼Fo 90 ) for each spectrum evaluated in this analysis.
M 3 Spectra
[20] Examples of M 3 spectra collected from olivine-rich areas, as highlighted by Figure 4 , are plotted in Figure 8 . Examples of the extracted M 3 spectra are compared to several of the evaluation suite spectra as well as terrestrial (Fo 90 ) and synthetic (Fo 60 ) laboratory spectra in Figure 9 . The spectra in Figure 9 have been normalized by the maximum band strength such that the absorption feature of each spectrum ranges from zero to one. This approach was used previously by Lucey [1998] and Sunshine et al. [2007] . The spectra are shown on identical axes (Figure 9a ) as well as offset for enhanced clarity (Figure 9b ). The continuum removal used is slightly different from that applied in our modeling approach. The continuum removal used in Figure 9 is that typically applied to telescopic spectra, with tangent points at 730 nm and 1600 nm [e.g., Pieters, 1986] , which enables more easy comparison to other published studies but does not alter substantially the observed spectral properties, as it is similar to continuum slopes used for continuum removal in this study.
[21] Example MGM fits to the spectra shown in Figure 8 are illustrated in Figure 10 . It should be noted that more spectra were evaluated than are shown in Figures 8-10 (only one spectrum is displayed from each region we evaluated in each case), but the spectra shown in Figures 8-10 are representative of the suite. The slopes removed from the M 3 spectra prior to performing the MGM fits are reported in Table 5 . The discontinuous numbering for some of these spectra is due to the subsetting of a larger set of M 3 spectra prior to performing MGM fits (fits were performed only for the "best" spectra). The full results of the MGM fits to the M 3 spectra for the spectra lacking evidence for other nonolivine absorbing phases (Moscoviense and Copernicus) are reported in the auxiliary material.
1 As was done with the laboratory spectra, a range of starting points for the deconvolutions were employed. We report only the results from the intermediate starting point, as it allows more freedom for the fit to converge on the best result. The results of predicting the relative olivine composition are shown in Figure 11 , a plot of MGM-derived band position versus relative predicted composition, similar to the scheme used for Figure 7 . The large tick marks on the y axis of Figure 11 represent 20 relative Fo # units. Also plotted on Figure 11 are the band centers and relative predicted composition for fits to the continuum-removed evaluation suite spectra for comparison, as well as the error range brackets for individual absorptions (labeled) and the composite relative Fo # prediction error range bracket derived as described in section 3. The M 3 spectrum used to derive these range brackets is the Moscoviense spectrum illustrated in Figure 8 . The range in relative predicted composition ("Composite Error") is approximately 20 in Fo # (Mg′ = molar Mg/(Mg+Fe)). Data points are not shown for the Aristarchus and Marius olivines, as we believe these spectra are affected by phases in addition to olivine (that they are not totally olivine dominated), as discussed below. Full results of MGM deconvolutions of the Moscoviense and Copernicus M 3 spectra are reported in the auxiliary material.
Discussion
Effect of Continuum Removal: Laboratory Spectra
[22] Examples of fits to the original and continuumremoved laboratory spectra are shown in Figure 6 , and full results of the MGM fits are reported in Tables 2 and 3 . While a wide range of initial MGM parameters were used to capture the systematics fully, we report only those starting points most consistent with the compositions of the laboratory spectra analyzed, as they are the most robust and consistent with the a priori knowledge of these samples and spectra. Before discussing band center results, note the effect of continuum removal on relative band strengths in Figure 6 . This is particularly apparent in the 15 mJ spectrum, which exhibits a fairly pronounced local continuum slope. Prior to continuum removal, the M1-1 band is disproportionately strong based on relative band strengths determined for terrestrial olivine spectra [Sunshine and Pieters, 1998 ]. This disproportionate band strength is due to the use of a flat continuum slope in the deconvolution, which necessitates a stronger M1-1 absorption to account for the sloped nature of the spectrum. Continuum removal brings the relative band strengths more into agreement with the anticipated trends from laboratory analyses. While difficult to see in plots such as Figure 6 , systematic differences in the MGM-derived band positions are observed between Figure 5 . Continuum removal process for the evaluation suite spectra presented in Figure 2 . The line style scheme is the same as in Figure 3 , and the color/line scheme is as labeled (same as Figure 2 ). Note the range of continuum slopes exhibited by these spectra. The tangent points used to derive the local continuum slope are indicated in Table 1. fits to continuum-removed and fits to noncontinuumremoved spectra. The results presented in Tables 2 and 3 are  condensed in Table 4 , which reports only band centers for the three principal absorptions and the slope of the local continuum removed.
[23] The MGM-derived band centers for fits to the evaluation suite spectra are presented in Figure 7 , a plot of these band positions versus relative composition as predicted from the band centers. Figure 7 illustrates the importance of treating the continuum slope appropriately. The use of the flat continuum slope on the original (not continuum removed) spectra clearly introduces an apparent shift in band centers to shorter wavelengths with increasing spectral slope, as evidenced by the spread in the band center wavelengths and predicted compositions for the "original" spectra. Continuum removal using our approach, however, causes the MGM-derived band centers to cluster around nearly identical wavelengths. This is an important proof of concept for the continuum removal approach: the evaluation suite spectra differ only in the degree to which the samples have been exposed to the laser irradiation. The compositions of the samples are identical. Thus, the fact that the continuumremoved results are nearly identical for the full suite suggests that our continuum removal process is successful at negating the effects of variable continuum slopes and will allow compositional predictions in a relative sense. The similarity of the spectra after continuum removal is further illustrated by Figure 9 , which demonstrates that after correcting for spectral contrast differences, the evaluation suite exhibits highly similar spectral properties between the original (0 mJ) and most severely irradiated (30 mJ) samples. The derived band centers for the evaluation suite spectra are compared to the band centers derived for the M 3 spectra in Figure 11 . It is tempting to use the absolute composition of the evaluation suite to "benchmark" the relative results for the M 3 spectra. However, the derivation of absolute compositions would then be based effectively on a single data point, so substantial caution should be employed. Nevertheless, if all of the precautions discussed in this paper are weighed carefully (including the limitations Figure 6 . Example MGM fits to selected spectra from the evaluation suite (Figures 3 and 5) . (top) Original spectra and (bottom) continuum removed, labeled with "CR." (left) Fits to spectra of the original (not irradiated) sample and (right) fits to the ISC 15 mJ spectra. Note the differing continuum slopes between 0 and 15 mJ prior to continuum removal, leading to a disparity in relative band strengths that is resolved after continuum removal. These fits were all produced from the same MGM starting point, with only the continuum offset adjusted.
of the approach in comparisons to terrestrial data discussed in section 3.1 and the reduced accuracy relative to analyses of laboratory data), and the data are fully calibrated (Green et al., submitted manuscript 2011), corrected for photometry [e.g., Hicks et al., 2011] , and corrected for thermal emission [e.g., Clark et al., 2011] (all of which are part of ongoing efforts by the M 3 team), then deconvolutions of M 3 olivinedominated spectra can be used to obtain absolute olivine compositions. Evaluation of a range of terrestrial olivine compositions subjected to laser irradiation in a similar manner to the evaluation suite would be a logical area of additional research. Such work would enable the methods presented here to predict absolute olivine compositions much more reliably.
Application to M 3 Spectra
[24] We performed continuum removal on the M 3 spectra with the same method used for the laboratory spectra. The results of MGM deconvolutions to these spectra are reported in the auxiliary material, with only the results of the intermediate starting point reported, as discussed in section 4. Example fits, to the same example M 3 spectra shown in Figure 8 , are shown in Figure 10 . Immediately apparent is the higher level of "noise" in the M 3 spectra relative to laboratory spectra, as evidenced by the high-frequency variation in the input spectra (gray X's). Also apparent is the . Units are reflectance/l, l in nm. Figure 7 . MGM-derived band centers and relative predicted compositions for the evaluation suite spectra. The evaluation suite spectra without continuum removal ("original") span a range of band center wavelengths and predicted compositions, but all samples have the same absolute olivine composition (Fo #). The continuumremoved results cluster around the same band center wavelength and relative predicted composition, demonstrating the viability of our continuum removal process. Figure 8 . Example M 3 spectra collected from each region analyzed. These do not make up the full suite of spectra analyzed but are indicative of typical olivine-rich spectra collected from each region. The spectra have been truncated at 2600 nm to enable direct comparison with laboratory spectra.
reduced spectral sampling of M 3 across this wavelength region (20 nm). These factors combine to produce noisier fits, as indicated by the RMS error line. Relative to fits to the continuum-removed laboratory spectra, higher continuum offsets were used for fits to the M 3 spectra. We experimented with a range of offset values, and found that for these spectra, a higher offset value allowed the individual Gaussians more freedom to move and converge on the appropriate fit result. Note also the apparent errors in the fit at extreme short and especially extreme long wavelengths. This is a byproduct of the high continuum offset and the use of only one Gaussian to model the outer (extreme short and long) wavelengths. This is inconsequential to the MGM results for the three principal olivine absorptions. The angularity of the Gaussians (and consequentially of the spectral fit) is a product of the reduced spectral sampling of the M 3 spectra in comparison to the laboratory spectra (5 nm).
[25] The reduced spectral sampling and increased noise levels in M 3 spectra relative to laboratory spectra mean that the compositional predictions based on MGM deconvolutions of the M 3 spectra must be interpreted with caution. Even though we only evaluate composition in a relative sense, the relatively low spectral sampling make the MGM analyses fairly sensitive to noise, especially for olivine absorptions. Olivine absorptions shift a maximum of ∼70 nm over the full compositional range (Fo 100 to Fo 0 ), equivalent to ∼3.5 M 3 spectral channels in the maximum spectral resolution used in this study (Green et al., submitted manuscript, 2011) . Substantial errors in even a few channels due to noise, especially if noise causes spurious features spanning several channels, can introduce serious biases in the fit results. Even in analyzing telescopic data of asteroids with higher signal levels and spectral sampling, Sunshine et al. [2007] classified olivine compositions into only three broad groups. Despite these cautions, the M 3 data analyzed here do show clear spectral variability, as discussed below, and this variability was quantified with the MGM.
Qualitative Spectral Diversity
[26] Representative examples of the spectra analyzed in this study are illustrated with common continuum removal and scaled absorption magnitudes in Figure 9 . This scaling approach allows true spectral variability to be evaluated more easily, as it eliminates complicating factors such as variable spectral contrast, albedo, and continuum slope. While Figure 9a is the most useful for absolute comparisons, Figure 9b shows the individual spectra more clearly, reducing clutter. Figure 9 illustrates that there are spectral differences between the suites of olivines analyzed. The Moscoviense and Copernicus olivines are fairly similar, although the Moscoviense olivine spectrum plotted in Figure 9 exhibits a slightly broader long-wavelength absorption that the Copernicus spectrum. However, the Copernicus spectrum in this region may be biased by the sharp feature near 1500 nm that gives the illusion of a strong but relatively narrow long-wavelength absorption. This sharp feature near 1500 nm is in the spectral region of a filter boundary on the M 3 detector (Green et al., submitted manuscript, 2011) and thus likely is not a "real" feature. The Copernicus spectra also exhibit a fairly sharp "dip" in reflectance near ∼850 nm that is observed consistently across the Copernicus suite and likely is not "real." This feature will influence the MGM deconvolutions. The Moscoviense olivines were observed to be more spectrally diverse than the Copernicus olivines, which are remarkably homogeneous. The Aristarchus and Marius spectra exhibit prominent differences from the Copernicus and Moscoviense olivine spectra.
[27] The Aristarchus spectrum exhibits a prominent feature near 1300 nm. A feature of this relative magnitude at this wavelength is inconsistent with pure olivine [Burns, 1970; Sunshine and Pieters, 1998 ], although very Fe-rich olivines do tend to exhibit stronger long-wavelength (M1-2) absorptions [Sunshine and Pieters, 1998 ]. However, the Aristarchus spectrum exhibits a relatively short-wavelength band minimum, which would be at odds with a very Fe-rich Figure 9 . Comparison of olivine spectra. Representative example M 3 spectra from each suite evaluated are plotted, as are example laboratory spectra (Fo 90 and Fo 60 ) and two of the evaluation suite spectra (0 mJ and 30 mJ). The Fo 60 spectrum is discussed by Dyar et al. [2009] . The spectra are shown after continuum removal and normalization such that the band strength ranges from zero to one for all spectra, eliminating complications such as variable albedo, spectral contrast, and slope. Spectra are shown (a) on the same axes and (b) offset for clarity. composition, and the 1300 nm absorption appears inconsistent with pure olivine. Furthermore, very Fe-rich olivines (below ∼Fo 50 ) are not found in the lunar sample collection in sufficient abundances to be detectable with remote VNIR reflectance spectroscopy. While difficult to interpret compositionally, the Aristarchus spectra do suggest a different geologic context for the olivine. It is possible that the Aristarchus olivines were formed as a crystallization product of a melted basalt source, as the olivines at Aristarchus appear to be associated largely with impact melt-derived materials . The melted basalt source may help explain the presence of pyroxene or other phases that artificially strengthen the M1-2 absorption relative to the other olivine absorptions. Fe-bearing glass is a potential such contaminant, and would not be unexpected in the Aristarchus region, particularly in association with impact melt-derived materials [Le Mouélic et al., 1999b; Mustard et al., 2011] . Very Fe-rich plagioclase (greater than ∼0.25 wt % FeO) is another possibility [e.g., Adams and Goullaud, 1978; Isaacson et al., 2011] . However, it would be surprising for either of these candidate phases to exhibit such a pronounced spectral feature in the presence of abundant olivine, which otherwise dominates the spectrum. Regardless of the origin of the spectral differences between Aristarchus and the other spectra analyzed, the observed differences suggest that the Aristarchus olivines were formed by a different geologic process than that responsible for the olivines at Moscoviense and Copernicus.
[28] The Marius spectrum also differs from the Copernicus and Moscoviense spectra. It is substantially narrower in the 1000 nm region, exhibiting weaker short-and longwavelength (olivine M1) absorptions. It also exhibits a fairly short-wavelength band minimum, closer to that of the Aristarchus spectrum. While not apparent from Figure 9 , which highlights the 1000 nm region, the Marius olivine spectra do exhibit 2000 nm absorptions, which could be caused by chromite inclusions or mixtures with pyroxene. The association of the Marius olivines with basalts and the Figure 10 . Example MGM fits to continuum-removed M 3 spectra. The examples shown are fits to the same spectra shown in Figure 8 after applying our continuum removal approach. The same labeling scheme is used as in Figure 6 . The angular nature of the Gaussians is a product of the reduced spectral sampling of M 3 relative to laboratory data. The higher offset values as compared to fits to the evaluation suite spectra are discussed in the text. The increased "noise" in the fits is a product of the reduced spectral sampling and increased noise of the M 3 data relative to laboratory spectra. The poor fits of these spectra at long wavelengths are a product of higher continuum offsets and modeling the long-wavelength region with only one Gaussian and are inconsequential to the results for the critical component absorptions of the 1000 nm feature. nature of the 2 mm absorptions suggest that the Marius olivine spectra exhibit minor contamination from pyroxene, although the pyroxene composition is uncertain. Pyroxene contamination would also help to explain the relatively narrow 1000 nm absorption, as well as the short-wavelength band minimum. The spectral variability between Marius and the other spectra evaluated suggests a different composition or lithological association.
Quantitative Spectral Diversity
[29] The MGM fits quantify the spectral variability illustrated in Figure 9 . The relative predicted olivine compositions derived from the deconvolutions to the Moscoviense and Copernicus spectra are presented in Figure 11 . As expected based on their overall similarity in Figure 9 , the Moscoviense and Copernicus olivines are predicted to be quite similar in composition, although the spectral variability of the Moscoviense spectra is manifested in the larger range in estimated relative composition (∼30 relative Fo # units). The Copernicus deconvolutions appear to be balanced by competing influences: the apparently strong but narrow long-wavelength absorption and the sharp feature near ∼850 nm. The Aristarchus and Marius spectra are clearly olivine-rich, but the contamination from other phases prevents us from using MGM fits to predict the olivines' compositions, as discussed in section 5.2.3.
[30] Figure 11 also illustrates the error brackets determined using the methods described above in section 3.3.2. The error brackets in effect indicate the range of results obtained from various fitting procedures applied to a single Table S1 in the auxiliary material. There is some deviation from the trends developed for terrestrial olivines by Sunshine and Pieters [1998] , most notably for the central M2 absorption, but the overall agreement is reasonable. Error "range" brackets are reported for each component absorption (two-dimensional range) and for an overall range in predicted compositions. The composite error reflects the range in predicted composition when considering the ranges for each component absorption simultaneously. Error analysis is discussed more thoroughly in section 3.3.2. M 3 spectrum. The error brackets (and the associated composite error bracket) do not evaluate the effect of each potential source of error (e.g., reduced spectral resolution, increased noise, etc.) explicitly, but do evaluate them in the sense that all sources of error contribute to the observed ranges. Future work on this subject will likely focus on deconvolutions of laboratory spectra with reduced spectral sampling and various levels of random noise introduced in order to quantify these effects more explicitly. Even in the ideal case of MGM deconvolutions of laboratory olivine reflectance spectra, compositional predictions with this approach can be accurate only to within ∼5-10% (5-10 Fo # units) [Sunshine and Pieters, 1998; Isaacson and Pieters, 2010] . The range predicted for the "composite error" is on the order of 20 Fo # units (on a 0-100 scale in molar Mg/Mg +Fe *100). Thus, our reported compositions should be viewed and interpreted as approximate solutions, even in a relative sense.
[31] The relative olivine compositions predicted from the M 3 spectra can be used to draw some geological interpretations. The Moscoviense olivines appear to be diverse but Mg-rich relative to the other olivines evaluated here. The most Mg-rich compositions found at Moscoviense appear consistent with the evaluation suite results, which in absolute terms are similar to some of the most Mg-rich olivines found in Mg suite rocks with compositions near ∼Fo 90 [e.g., Papike et al., 1998 ]. While there are reasons to be cautious in interpreting this similarity, it is suggestive that the olivines found to be the most Mg-rich in the region may be quite Mg-rich in absolute terms as well. This may suggest that these olivines are derived from a relatively primitive plutonic source, which would be consistent with the plutonism hypothesized to have produce the unusual mafic lithologies observed elsewhere in the Moscoviense region . Our results do not allow us to evaluate a possible genetic relationship to the olivines studied at Moscoviense and those identified in association with unusual exposures of olivine, orthopyroxene, and spinel (OOS) by Pieters et al. [2011] , largely because the olivines identified by Pieters et al. do not exhibit sufficient spectral contrast or purity to evaluate with our current approach. However, such a comparison would be a logical avenue for future work if the spectral contrast and purity issues can be overcome. The diversity of the olivine compositions observed at Moscoviense may indicate a long-lived geologic process capable of producing a trend in olivine compositions toward more Fe-rich compositions as the olivine's source material evolved. The observed diversity is distributed across a relatively small spatial region (less than 100 km 2 ), and a wide variation in olivine composition across a small area is difficult to explain petrologically. However, the large error bars in these analyses may help explain some of the widespread variation (the actual compositional diversity may be magnified by errors). Additionally, it is of course possible that random noise may contribute to the observed heterogeneity. However, the real spectral differences apparent in Figure 9 suggest that real compositional variability is largely responsible for the spread in predicted compositions. Regardless, the diverse compositions observed for the Moscoviense olivines suggest a different process than that responsible for the olivines at Copernicus, which are spectrally (and thus compositionally) more homogenous.
[32] The olivines at Copernicus are found to be relatively Mg-rich, comparable to the most Mg-rich of the compositions predicted at Moscoviense. Additionally, they are more spectrally and thus compositionally homogeneous than those observed at Moscoviense. Their predicted compositions are also similar to those of the evaluation suite spectra. The consistency between all spectra analyzed for the Copernicus central peak indicates that the olivine is fairly homogenous in composition, which is consistent with a single magmatic or mantle source, rather than a process in which a source region evolved over time producing a trend of increasing olivine Fe contents. The relatively Mg-rich compositions argue against a volcanic origin and in favor of a plutonic origin, as olivines in mare basalt largely (but not always) tend to be somewhat more Fe-rich [e.g., Papike et al., 1976] . As the Aristarchus and Marius spectra exhibit clear contributions from absorptions not due to olivine, we elect not to model them with the MGM, as the results would be biased by the other absorptions in the general 1000 nm region where the principal olivine absorptions are found. We merely point out their clear spectral differences from the Moscoviense and Copernicus spectra, which alone are sufficient to demonstrate the different lithological associations of the Aristarchus and Marius olivines relative to those at Moscoviense and Copernicus.
Mixtures
[33] Currently, our approach is likely to produce meaningful results only for spectra in which olivine is the dominant phase (i.e., no other ferrous absorptions in the 1000 nm region). This rules out compositional analyses of pyroxeneolivine mixtures. Olivine-plagioclase mixtures can be analyzed, especially if the plagioclase is in its shocked form (maskelynite) and lacks its typical feature near 1300 nm [e.g., Bell and Mao, 1973; Adams and Goullaud, 1978; Pieters, 1996] . Crystalline, Fe-bearing plagioclase does exhibit absorptions near 1300 nm, and if such absorption features were detectible in the olivine-plagioclase mixture spectrum, that spectrum could not be analyzed with our present approach. However, the plagioclase absorption feature does tend to get masked by other mafic absorptions such as those of olivine and pyroxene [e.g., Isaacson et al., 2011] , meaning that olivine-plagioclase mixtures generally can be analyzed with our approach except in rare cases where the plagioclase absorption feature persists.
[34] In principle, our approach could be applied to spectra of mixtures such as olivine-pyroxene. The potential problems associated with extending the approach to mixture spectra lie in determining the properties of the olivine absorptions in the presence of additional absorptions near 1000 nm, as discussed above in the context of the Marius olivine spectra. The MGM seeks a mathematically optimized solution, without regard for whether or not the fit is physically reasonable (consistent with the mineralogy of the material represented by the input spectrum). Each Gaussian is based on three model parameters (position, strength, and width), so the presence of additional absorption features substantially increases the number of free parameters in the model, and reduces the likelihood of obtaining a unique and physically reasonable fit. McFadden and Cline [2005] used the MGM to model laboratory reflectance spectra of Martian meteorites, including several containing mixtures of olivine and pyroxene. While they were able to produce reasonable fits in some cases, they were unable to produce acceptable fits for several other such mixtures, even in analyzing optimal quality laboratory spectra. The increased noise level and decreased spectral resolution of M 3 relative to laboratory spectra have been discussed above, and combine to make obtaining acceptable results for pyroxene/olivine mixtures extremely challenging with the current approach. However, if a method to constrain the model parameters appropriately and allow the olivine absorptions to be deconvolved properly were available, our approach could certainly be used to estimate the composition of the olivine. For example, the 2000 nm pyroxene absorption feature could be used to help constrain the Gaussian(s) used to model the pyroxene 1000 nm absorption feature, as the properties of the pyroxene absorption features are related [e.g., Adams, 1974; Hazen et al., 1978; Cloutis et al., 1986; Klima, 2008] . In the case of lunar olivine, however, this approach would in turn be complicated by the presence of the chromite absorptions near 2000 nm.
Conclusions
[35] Our analyses of olivines using Chandrayaan-1 Moon Mineralogy Mapper (M 3 ) spectra have produced intriguing results. Suites of olivine reflectance spectra collected from diverse regions on the lunar surface exhibit spectral variability through visual comparisons. The MGM was used to quantify these observations for the olivine-dominated spectra. Olivine from the Copernicus central peak was found to be fairly homogenous and, broadly speaking, compositionally similar to olivines from Moscoviense, though the Moscoviense olivines were found to be slightly more spectrally and thus compositionally diverse. While the cautions presented here must be considered carefully, the methods presented in this paper can be used to make general predictions of absolute olivine composition (Fe/Mg content) with remotely sensed VNIR reflectance spectra. While the error bars in our results are substantial given the numerous issues discussed here, our results suggest the detection of Mg-rich olivine at Moscoviense and Copernicus with M 3 spectra. Olivines from the Aristarchus crater were found to be exhibit a strong long-wavelength absorption, likely due to contamination by a presently unknown phase. The origin of this strong long-wavelength absorption is presently unclear, but it does suggest a compositional difference or at least a different lithological association than exhibited by the Moscoviense and Copernicus olivines. Olivines at Marius were found to exhibit contamination, likely by pyroxene, which again hints at a different lithological association than exhibited by the olivines at Copernicus and Moscoviense.
[36] The present study has demonstrated a systematic approach for addressing variable continuum slopes common to remotely sensed spectra of planetary surfaces, and discussed some of the strengths and weaknesses of this simplified but easily repeatable and consistent approach. Using a suite of laboratory spectra, we have demonstrated that our tangential continuum removal process is able to treat the effects of variable continuum slopes in a consistent manner. This is a vital step, as lack of such a treatment would lead to derived band positions (and thus predicted compositions) that are strongly biased by continuum slopes. The reduced spectral sampling and lower signal-to-noise ratio of the M 3 spectra relative to typical laboratory spectra affect the accuracy of compositional predictions. We have quantified the likely range in a predicted composition, but have not treated sources of error explicitly beyond their contribution to a bulk overall "error" in our relative compositional predictions. Future work on this topic will involve expanding the survey to analyze olivines from more regions on the lunar surface.
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